The accident at the Fukushima Daiichi Nuclear Power Plant caused widespread contamination in Fukushima Prefecture. The area was mainly contaminated with radioisotopes of iodine 131, cesium 134, and cesium 137. The surface soil has been removed in an attempt to decontaminate the evacuated area (1,150 km 2 ). Rainfall erosion is believed to decontaminate mountains, so the surface soil has not been removed there. We thus investigated whether the mountains had been decontaminated by analyzing soil from the sedimentary layers found at the mouth of a stream that passes through these mountains. The volume and radioactivity distributions of the sedimentary layers showed that the heavy rainfall right after the earthquake contained a large amount of radioactive cesium. We confirmed that most small soil particles, those with diameters less than 210 μm, were not deposited at intermediate positions as they were transported downstream. Hence, rainfall erosion is a very effective means of decontaminating the mountains.
PUBLIC INTEREST STATEMENT
The accident at the Fukushima Daiichi Nuclear Power Plant caused widespread contamination in Fukushima Prefecture. Rainfall erosion is believed to decontaminate mountains. We thus investigated whether the mountains had been decontaminated by analyzing soil from the sedimentary layers found at the mouth of a stream that passes through these mountains. We confirmed that most small soil particles, those with diameters less than 210 μm, were not deposited at intermediate positions as they were transported downstream. Hence, rainfall erosion is a very effective means of decontaminating the mountains.
The Japanese government dealt with the contamination by evacuating 11 municipalities and removing 5 cm of earth from the surface of the ground. This reduced the residents' radiation exposure to less than 0.23 μSv/h. Residents started to return to areas with radiation doses of less than 20 mSv/y in April 2017 (Ministry of the Environment, 2017).
The decontamination reduced the radiation doses in the surroundings of the houses and fields in these areas to less than 1 μSv/h (8.7 mSv/y) (Ishii et al., 2012) . The mountains in Fukushima Prefecture were not decontaminated even though 11 of the municipalities in the contaminated area are in the mountains (1,150 km 2 ) (Ministry of Education, 2013).
The levels of 134 Cs present in these municipalities have dropped significantly. Hence, in these areas, the radiation levels caused by the accident are now less than half their original values. There are still many places in the difficult-to-return-to area (337 km 2 ) where the radiation dose exceeds 20 mSv/y (2.2 μSv/h) (Ministry of Education, 2013). However, there is less radiation than expected because the 137 Cs levels have decreased.
In our previous work (Ishii et al., 2012) , we confirmed that 137 Cs atoms firmly adhere to the clay and are not dissolved in water either acid or alkaline solution. Therefore, it is thought that frequent rainfall erosion can remove the clay particles containing 137 Cs and decontaminate mountainous areas (Laceby et al., 2016; Thai et al., 2015) . The aim of this study was to explain the decrease in radiation levels in the mountains by analyzing the soil sediments formed at the mouth of a stream that passes through the mountains.
Iitate Village is one of the 11 municipalities in the evacuation area. Hiso River is a small river that runs through Iitate Village. We studied a part of this village that is difficult to return to at present. The location of this area, which has not yet been decontaminated, is indicated by the green dashed line in Figure 1 . The green dashed line is a mountain ridge that surrounds two tributaries (see in Figure 1 ). Rainfall causes soil from the mountain to flow into the tributaries. The restricted residential area upstream of Hiso River (see in Figure 1 ) has been decontaminated.
We took soil samples from Point A, which is at the mouth of the stream, and Point B, which is on the mountain. We found the sedimentary layer shown in Figure 2 at Point A. The erosion of the topography along the stream as it passes close to Point B would cause soil to flow into the left tributary. This soil would have been deposited onto the sedimentary layer when the water level of the main river was so high that the layer was submerged. Table 1 shows the dates that rainfall exceeded 50 mm/day in the area of interest in the period from September 2010 until the sampling date. As there was 69.5 mm of rain on 22 August 2016, the sedimentary layer was a few centimeters under the surface of the water on 23 August 2016. We believe that soil is deposited onto the sedimentary layer when rainfall exceeds 50 mm/day. Moreover, the formation of the layer was made possible due to the erosion caused by the daily flow of the tributary.
In this study, we analyzed the soil in this sedimentary layer and investigated the extent to which rainfall erosion on the mountain decontaminates radioactive cesium.
Experiment

Sampling
We took soil samples from the sedimentary layer using the sampling pipes shown in Figure 3 . The sampling pipe is an iron pipe with a length of 20 cm, an external diameter of 1.9 cm, and an internal diameter of 1.7 cm. The pipe guide shown in Figure 3 is a piece of wood with length 120 cm, width 10 cm, and depth 5 cm. The guide contains holes with diameters of 20 mm at 25-mm intervals. We took samples from two locations that were separated by a distance of 30 cm. As shown in Figure 4 , we sampled approximately 50 cm of sediment at 25-mm intervals.
We also sampled soil from locations 2 m downstream and 5 m upstream of Point A. The soil from the former is believed to have been transported from the area of the mountain indicated by the dashed line in Figure 1 following the rainfall on 22 August 2016. We think that the soil from upstream of Point A came from the restricted residence area that lies upstream of Hiso River.
Hiso River is muddy after rainfall. Hence, we sampled this muddy water to determine how the soil is transported by rainfall.
Radioactivity measurement
We used a germanium semiconductor detector (GX 2018 type, CANBERRA) to detect 662 keV γ-rays from 137 Cs in the soil samples. Figure 5 shows the results of the measurements of the radioactivity of the soil samples obtained at height intervals of 25 mm with respect to a reference level. The reference level varied in association with the water level of the river on the day we collected the soil samples, which was 25 August 2016, and was close to a sign on the riverbank that indicated the water level.
The highest radioactivity from both sampling points occurred at a height of 175 mm. The radioactivity decreased at heights less than 175 mm, and remained constant at heights greater than 250 mm. Figure 6 shows the radioactivity of the soil sample transported from the area of the mountain in the difficult-to-return-to area and from the restricted residence area upstream of Hiso River by the rainfall on 22 August 2016. The radioactivity of the soil sample from the restricted residence area is about one-seventh that of the soil sample from the difficult-to-return-to area. We can see from Figure 5 that the radioactivity of the soil sample from the difficult-to-return-to area is almost the same as that of the soil at a height of 500 mm of the sedimentary layer.
We precipitated, dried, and extracted the fine particles from the muddy water collected from Hiso River. Their specific radioactivity was 20,093 Bq/kg. Figure 5 shows that the radioactivity remains constant when the height is greater than 175 mm, so the erosion decontaminates the ground at a constant rate. The distributions of the radioactivity at sampling points (1) and (2) were almost the same. This indicates that the sedimentation at Point A was uniform.
Results and discussion
Dependence of radioactivity level on height in sedimentary layer
Assuming that the sedimentary layer was formed by rainfall, the layer at 175 mm would have been formed by the rainfall on 30 May, 20 September, and 21 September 2011.
Analysis with classification
We used three stainless steel sieves (SANPO), with mesh sizes of 45 μm, 210 μm, and 2 mm, to classify the soil samples from the sedimentary layers at Points A and B on the Hiso River tributary, the soil samples collected from the mountain on 22 August 2016, and those transported from the upstream restricted residence area. As fine particles adhered to the surfaces of the large particles (Ishii et al., 2014 (Ishii et al., , 2016 Ohnuma & Ishii, 2017) , we separated the particles in water before classifying them.
We classified the soil samples from the sedimentary layer at heights of 75, 100, 125, 150, 175, 200, 300, 400 , and 500 mm from sampling position (1), and at heights of 50, 125, 150, 175, 200, 225, 250, 375 , and 525 mm from sampling position (2). The volume of each sample was 45.4 cm 3 as this is the volume of the sampling pipe. Figure 7 shows the volume distribution as a function of soil particle diameter at the top and the radioactivity as a function of soil particle diameter at the bottom. The volume distributions from both sampling positions at a height of 175 mm differ from the distributions at other heights, which are all almost identical. This means that many contaminate particles were displaced when the ground had been cracked by the earthquake prior to being eroded by rainfall then the bare surface of ground was contaminated (Malamud, Turcotte, Guzzetti, & Reichenbach, 2004) . These particles formed the sediment at a height of 175 mm. A similar relationship was observed for the radioactivity as a function of the soil particle diameter, shown at the bottom of Figure 7 . Figure 8 shows the volume distributions of the soil samples with volume 45.4 cm 3 from the sediment formed before the earthquake (75 mm) (a), the sediment formed right after the earthquake (175 mm) (b), the sediment formed after the earthquake (500 mm) (c), and the soil sample from Point B (d).
The samples from Point B contain soil particles with diameters ranging from 45 to 210 μm and less than 45 μm in diameter is large. However, the volumes of the particles in the soil samples from the sedimentary layers were small. We believe that rainfall transported the small particles with diameters in the range of 0-210 μm.
The top of Figure 9 shows the volume distributions as a function of particle diameter for samples taken from heights 75 mm and 500 mm from sampling position (1), at heights 50 mm and 525 mm from sampling position (2), from the soil samples transported from the mountain on 22 August 2016, and from the restricted residence area upstream of Hiso River. Similar distributions are observed before and after the disaster.
The bottom of Figure 9 shows the radioactivity as a function of particle diameter for samples taken from a height of 500 mm from sampling position (1), at a height of 525 from sampling position (2), from the soil samples transported from the mountain on 22 August 2016, and from the restricted residence area upstream of Hiso River. The distributions of the soil samples transported from the mountain on 22 August 2016, are the same as the distributions of the sediment samples formed after the disaster. On the other hand, the soil samples transported from the restricted residence area upstream of Hiso River were almost one percent as radioactive as the samples collected from the sedimentary layers and the mountain. The soil sample transported from the restricted residence area was taken from the center of the river, and the soil sample transported from the mountain on 22 August 2016, was taken from the riverside. When rainfall raises the water level, the water flows quickly at the center of the river, and slowly along the riverside. It is possible that the small particles with diameters less than 210 μm collected from the restricted residence area upstream of Hiso River were transported downstream without sedimentation, while the larger particles were deposited at the center of the river. We analyzed the muddy water samples obtained from the river after rainfall. We used a particle counter (Morphologi G3, Malvern, detection limit 0.2 μm, The Morphologi G3 measures the size and shape of particles by static image analysis technique using optical microscope image) to count the particles in the soil as a function of particle size over the range 0.2-100 μm. Figure 10 shows the results for the particles taken from the mountain soil at Point B, which lies upstream of the Hiso River tributary, with diameters less than 45 μm, the sediment particles taken from a height of 500 mm at sampling position (1) with diameters less than 45 μm, and the precipitated (20,093 Bq/kg) river water, indicated in 2-2. We only measured soil particles that had diameters less than 45 μm because the maximum diameter of the particles in the precipitate from Hiso River was 45 μm. The particle size distribution of the precipitate from the river water was almost the same as that of the soil sample from Point B, but different from that of the sediment. This result can be understood as follows: The soil samples from the mountain at Point B contained mainly small particles. The muddy water contained very small particles that had been transported from the mountain by rainfall. Therefore, most of the particles in the precipitate had diameters close to 1 μm. The soil particles in the sediment at a height of 500 mm were transported from the mountain then deposited at the riverside and small particles with diameters less than 1 μm were transported further downstream along Hiso River.
We also measured the weights of the soil samples. We calculated the specific radioactivity of the soil from Point B, the soil particles with diameters less than 45 μm from the sediment from a height of 500 mm of sampling position (1), and the precipitate from Hiso River. The results are shown in Figure 11 . The specific radioactivity levels were greater than 10,000 Bq/kg. The specific radioactivity of the soil from Point B was equal to the sum of the specific radioactivity of the soil from sampling position (1) and the precipitate from Hiso River. This result supports the hypothesis presented above.
In Figure 5 , we plot the radioactivity of the soil samples as a function of height in the sedimentary layer. We plot the radioactivity of the particles in the sediment as a function of particle size in Figure  7 . These were very high in particles with diameters from 45 to 210 μm and from 210 μm to 2 mm.
In Figure 12 , we plot the radioactivity of the particles with diameters in the ranges of 45 to 210 μm and 210 μm to 2 mm as a function of height in the sedimentary layer. The top left plot shows the radioactivity of the soil particles collected from sampling point (1) with diameters in the range of 45 to 210 μm; the bottom left plot shows the same for particles with diameters in the range of 210 μm to 2 mm; the top right plot shows the radioactivity of the soil particles collected from sampling point (2) with diameters in the range of 45 to 210 μm; and the bottom right plot shows the same for particles with diameters in the range of 210 μm to 2 mm.
Each graph has a peak in radioactivity at 175 mm. When the height is lower than 175 mm in the plots on the left side of Figure 12 , the radioactivity can be approximated by the function y = 1,167e −0.041x where x is the penetration depth for diameters in the range of 45-210 μm, and by y = 1,435e −0.040x for diameters in the range of 210 μm-2 mm. On the right side of Figure 12 , the radioactivity of the particles in the sedimentary layer can be approximated by y = 4,146e −0.144x for heights from 175 to 150 mm, and y = 169e −0.025x for heights from 150 to 50 mm. These results indicate that the rainfall transported the soil particles with diameters from 45 to 210 μm and 210 μm to 2 mm into the water (Laceby et al., 2016) . The radioactivity is almost constant at heights greater than 250 mm. Because, at present, the volume of radioactive cesium is little by little transported from the large source, that is, the surface of the mountain.
Conclusions
We analyzed contaminated sedimentary layers from the bank of Hiso River in a difficult-to-return-to area in Iitate Village. This area has not yet been decontaminated following the Fukushima accident. We sampled the sedimentary soil as a function of height with respect to a reference level, and investigated the particle volume and radioactivity for different heights in the sedimentary layer and different particle sizes.
Erosion by rainfall supplies the sedimentary layer with soil from the mountain. Hence, we also analyzed soil samples from the mountain; from the center of the river upstream of the sedimentary layer; from the riverside downstream of the sampling point; and precipitated from muddy water collected from the river.
Our analysis implies the following conclusions. (1) Rainfall caused radioactive cesium to pour into cracks in the ground formed by the earthquake. The cesium adhered mainly to soil particles with diameters less than 210 μm. (2) Rainfall transported most of the soil particles with diameters less than 210 μm downstream without depositing them at intermediate positions. (3) The cracks caused by the earthquake and the heavy rainfall right after the earthquake contributed to the massive outflow of cesium from the mountains. (4) At present, erosion by rainfall decontaminates the mountains at a constant rate.
